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ABSTRACT Part of the challenge of macromolecular crystal growth for structure determination is obtaining crystals with a
volume suitable for x-ray analysis. In this respect an understanding of the effect of solution conditions on macromolecule
nucleation rates is advantageous. This study investigated the effects of supersaturation, temperature, and pH on the
nucleation rate of tetragonal lysozyme crystals. Batch crystallization plates were prepared at given solution concentrations
and incubated at set temperatures over 1 week. The number of crystals per well with their size and axial ratios were recorded
and correlated with solution conditions. Crystal numbers were found to increase with increasing supersaturation and
temperature. The most significant variable, however, was pH; crystal numbers changed by two orders of magnitude over the
pH range 4.0-5.2. Crystal size also varied with solution conditions, with the largest crystals obtained at pH 5.2. Having
optimized the crystallization conditions, we prepared a batch of crystals under the same initial conditions, and 50 of these
crystals were analyzed by x-ray diffraction techniques. The results indicate that even under the same crystallization
conditions, a marked variation in crystal properties exists.

INTRODUCTION

Nucleation and crystal growth kinetics in connection with Malkin and McPherson (1993), all of these investigators
the amount of material available for crystal growth deter-have used lysozyme as their model protein. Stirred vessels
mine the number and volume of the crystals produced. Irhave also been used to measure ovalbumin (Judge et al.,
the pursuit of a small number of crystals with a suitable1995) and thermolysin (Harano et al., 1989) nucleation
volume (i.e., 0.1-0.4 mm in each dimension) for x-raythresholds and the width of the metastable zone.
structure analysis, an understanding of nucleation rates is Few studies, however, have focused on measuring the
advantageous. From classical nucleation theory the variffect of solution conditions on nucleation rates by specif-
ables that effect the nucleation rate are the supersaturatior(ba”y counting and sizing crystals. Ries-Kautt and Ducruix
temperature, and interfacial tension. Increases in temperaj992) made the general observation that lysozyme crystals
ture or supersaturation, or a decrease in the interfacigdppeared faster and in larger numbers with increasing su-
tension are expected to produce an increased nucleation rgigrsaturation. Alderton and Fevold (1946) reported that in
(Mullin, 1993). _ _ initial lysozyme concentrations of 40 mg/ml, in 5% NacCl
Whereas many nucleation studies have been performegh, ions, crystallization was copious at pH 3.5, moderate at
for small molecule_s, _nucleatlon stud|e_s for biological mac-pH 4.8, and very slight at pH 5.8, indicating a strong effect
romolecules are limited. Some studies have focused ofs pH. Elgersma et al. (1992) (their figure 4) also report an

determining nucleation parameters. Light scattering ha%ffect of pH on lysozyme crystal numbers, as large numbers

been used to examine molecular interactions leading t _
nucleation (Kam et al., 1978; Pusey, 1991) and to estimat%év\z}rlsé?)itgﬁsna?g Zfsgei; Z?ptOGGg)ﬂ(:V;I 1:2; g;/ heBroet?]S

the interfacial tension and the size of the critical nucleus . .
o 0,
(Mikol et al., 1989; Malkin and McPherson, 1993). Other EXPeriments were conducted at 5°C with 3% NacCl. In batch

investigators have used batch crystallization and followe ysozimelg;y(as t?lllza(';lon a;t IOV\; su%e_rsaturf:ltllo n A’E)aka aqﬂ
the drop in bulk solution concentration (or the increase in anaka ( . ) found no cleartrend in crystal nNUMDErs wi
crystal content) over time, combining nucleation ang/ncreases in supersaturation or salt concentration. Crystal

growth kinetics to determine nucleation parameters (Atak&12€ Was found over the pH range 4.2-5.5 to reach a max-
and Asai, 1990: Elgersma et al., 1992; Pusey, 1992; BessHfium at pH 4.6. Crystal size was also found to be at

et al., 1994: Vekilov et al., 1996). Apart from the work of maximum at a supersaturation ratio of 3. The effect of
supersaturation on the number of thermolysin crystals was

reported by Sazaki et al. (1994), who observed that the
Received for publication 3 August 1998 and in final form 15 June 1999. m.'lml.)er of (.:ryStals |n|t|ally _decrea_sgs and then increases
) ) ) ywth increasing supersaturation. This is thought to be due to
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MSFC, Huntsville, AL 35812. Tel.: 256-544-7823; Fax: 256-544-6660; ('€ Postulated growth mechanism of thermolysin. Mono-
E-mail: marc.pusey@msfc.nasa.gov. mers are believed to form aggregates (reversibly self-asso-
© 1999 by the Biophysical Society ciating clusters) of constant size, and it is these aggregates
0006-3495/99/09/1585/09  $2.00 that then form the crystal. They indicate that this may also
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be what is happening in the lysozyme study of Ataka andbrotein concentration in each of the Eppendorf tubes from which solution
Tanaka (1986). Sazaki et al. (1994) also comment that theas dispensed to the plate was measured by UV absorbance immediately

final number of crystals may not equal the number ofafter the plate was completed. Plates were prepared individually in dupli-
cate and, occasionally, triplicate. Incubator temperatures were set at 4, 10,

initial nuclei if aggregates are the grOWth unit of the 15, and 18°C. To ensure that only tetragonal crystals were formed, 18°C

macromolecule. was the highest temperature used, so as to stay well below the tetragonal/
To further examine nucleation behavior, this study inves-orthorhombic phase transition, which is reported to occur26°C (Jolles

tigates the effects of solution conditions (initial supersatu-a”d Berthou, 1972). The pH values investigated were 4.0, 4.6, 4.8, and 5.2.

ration, temperature, and solution pH) on chicken egg whitg "® Plates were analyzed after 1 week. -
To test for water loss from the crystallization plates, a plate containing

|ysozyr_ne nUCIeajtlon ratelsl and cryst.al sizes. Having thugnly lysozyme samples (33.7, 16.8, 8.5 and 4.3 mg/ml) in 0.1 M sodium
determined solution conditions at which well-formed crys-acetate buffer, pH 4.0, was prepared in the same manner as given above.
tals of suitable volume could be reproducibly obtained, arTwo wells for each sample solution were filled with 0 each, and the
x-ray analysis of 50 crystals was undertaken to examine thelate was incubated at 18°C. After 1 week the changes observed in the
extent of variation in crystal parameters. The results indicaté/sozyme concentrations were less than 2%. The effect of water loss on the

. . . . L crystallization over the course of the experiments was therefore considered
the magnitude of the effect of differing solution conditions neyg”gible P

on crystal numbers and highlight an interesting variation in A jow-magnification microscope with an attached CCD video camera
crystal properties for crystals produced under optimal cryswas used in combination with a computer containing a frame grabber board
tallization conditions. to record images of each well. At a later time Image Pro Plus software
(Southern Micro Instruments, Atlanta, GA) was used to enlarge and display
the images and to manually tag and count crystals. For wells containing
MATERIALS AND METHODS small numbers of _crystals, all of the crystals in the well vyere counted.
Where wells contained large numbers of crystald00), the image was
Fresh chicken eggs were obtained from a local egg farm run by Mr. Ernestivided into halves or quarters. That portion of the image was further
Joe Adair (Woodville, AL), with permission from Hudson Foods, National enlarged, and the crystals were manually counted. The total for the well
Egg Products Company (Social Circle, GA). Lysozyme was extractecthen was two times the count for halves or four times the count for quarters.
directly from the fresh chicken egg white, using an adaptation of theThis technique is based on the assumption that the crystals are uniformly
chromatography method of Rhodes et al. (1958) given elsewhere (Judge @istributed in the well. The consistently good agreement in crystal numbers
al., 1998). The lysozyme was extensively dialyzed against 0.1 M sodiunfound for each group of 10 wells at the same crystallization conditions
acetate buffer at the pH set for each experiment, concentrated usinjdicates the applicability of the technique.
Amicon ultrafiltration units with YM3 membranes (Amicon, Beverly,  Crystal size and axial ratios were measured using a Zeiss Axioplan
MA), and stored at 4°C. Lysozyme concentrations were calculated basenicroscope (Carl Zeiss, Thornwood, NY) connected to an Argus-10 image
on A(1%, 1 cm, 281.5 nm)= 26.4 (Aune and Tanford, 1969). Protein processor (Hamamatsu Photonics K. K., Hamamatsu City, Japan), which
purity was determined by SDS-PAGE (sodium dodecy! sulfate-polyacryl-had been calibrated with a standard size grid. In this case a higher
amide gel electrophoresis) analysis with enhanced silver staining, using @agnification was used, focusing on only a small portion of the well at a
Phastsystem with Phastgel gradient 8-25% gels (Pharmacia LKB BiotecHime, so that individual crystals could be more easily viewed and measured.
nology, Piscataway, NJ). Sodium acetate buffer was made by titration ofive crystals per well were randomly selected, and the distance between
0.1 M acetic acid solution with sodium hydroxide until the desired pH was parallel {110} faces and the distance between the apexes of the {101} faces
obtained. All experiments were conducted at 5% (w/v) NaCl concentrationwere measured using crystals suitably aligned with the optical axis. As only
Crystallization buffers were passed through a Qu@@-filter before use.  five crystals per well were sized (giving 50 per initial concentration per
Lysozyme stock solution was centrifuged at 600@ for 10 min (Eppen-  plate), these measurements constitute an estimate of the crystal size and
dorf centrifuge 5413; Brinkmann Instruments, Westbury, NY) directly dimensions. This technique, however, provided sufficient detail to quantify
before use to avoid the effects of solution aging on crystal numbers thougtthe effect of the crystallization variables studied in this work.
to be caused by fungi particles (Chayen et al., 1993). The depth of the nucleation plates impeded careful mounting of the
The batch nucleation experiments were conducted using 96 well Cookerystals for x-ray analysis. For this reason, pseudo-batch crystallization
Microtiter polystyrene plates (Dynatech Laboratories, Alexandria, VA). was conducted with sitting drop plates. This was done by placing| &0
The wells are U-shaped, with a 7-mm diameter and a capacity?60 ul. crystallization solution in the inside well and adding 1.4 ml of the same
The batch method allows an exact initial supersaturation value to beolution without protein to the outside well of the sitting drop plate. The
obtained and used to compare nucleation results, whereas in the vaporystallization conditions for the x-ray diffraction analysis were chosen as
diffusion or dialysis method the supersaturation at which crystals area result of the findings in the nucleation rate work. This choice was a
formed is unknown. The plates were thoroughly rinsed with distilled watertrade-off between ensuring a constant illuminated volume (with a small
to remove dust particles and allowed to dry in an inverted position. Duringcrystal completely illuminated in the x-ray beam) and the data collection
filling, the plates were set on a damp paper towel to prevent staticime from diffracting volume considerations. In the end, based on the
electricity build-up. Lysozyme solutions of different initial concentrations results described later, 120 pseudo-minibatch crystallization wells were
were prepared by manually combining protein in 0.1 M sodium acetateprepared with 0.1 M sodium acetate buffer (pH 5.2), 5% NacCl, and 19.7
buffer with an equal volume of 0.1 M sodium acetate buffer containing mg/ml initial lysozyme concentration. These plates were prepared at the
10% NacCl, at the same pH, in an 1.5 ml Eppendorf tube (Daigger andsame time and stored in the same incubator at 18°C. Under these conditions
Company, Wheeling, IL). The solution was mixed by gently inverting the the lysozyme solubility is 2.13 mg/ml (Cacioppo and Pusey, 1991), giving
tube twice and then quickly dispensed in gDaliquots to a row of 10  aninitial supersaturation lofs) of 2.2. Fifty crystals from these plates were
wells on the plate. For all of the experiments conducted in this study, aised for x-ray analysis. Crystals were mounted in 0.7-mm-diameter glass
fixed solution volume of 50ul per well was used. As nucleation is capillaries by standard methods (King, 1954; Holmes and Blow, 1966),
expected to be a stochastic process, for each plate 10 wells per sample wéeaving some mother liquor in the capillary to maintain the crystal in a
used to provide a broader sample of results. Lower concentration lysozymieumid atmosphere. The crystal mounting was performed by the same
solutions were made and dispensed to the plate first, with the highegberson throughout, with samples mounted individually before each x-ray
concentration solution made and dispensed last. In all, six lysozymelata collection. The epoxy resin used for sealing the capillary has a slight
concentrations covering a range of supersaturation were dispensed on edobating effect on setting. This is negligible for the small amount of resin
plate. The plate was sealed with clear tape and placed in an incubator. Thesed and is less than that experienced when wax is used. Every effort was
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made to ensure the crystals were mounted such that the same volume The reproducibility of the batch method for crystal num-
would be illuminated during the x-ray data collection, although the crystalshars as a function of initial supersaturation is illustrated in

were not specifically oriented. The crystals proved to be slightly anisotro-r; oAt i o
pic in depth and width, so they were positioned such that the maximumFIg' 2 for the crystallization conditions at pH 4.8, 4°C. In

width or depth was parallel to the beam before data collection was starte(.jr.his figure each symbol represents the average of 10 wells at
The average dimensions were 0.510.34 X 0.25 mm ¢ 7, 6, 8%, the same initial supersaturation. The error bars represent
respectively). The anisotropy results from crystals settling and growing or95% confidence limits based on the scatter of the data. The
e o s s, o sl st warETent symbols represent resuls fom three separalely
used (80° of data in 40,92° oscillations of 10 min exposu:)e). An Raxis IICeprepar(:"cJ pIate;. In this StUdy SUpers.aturatlon IS ex.pressed as
image plate was used as the detector, with Gukrays provided by a  IN(C/S), wherec is the bulk initial solution concentration and
Rigaku RU200 rotating anode at 40 mA and 70 kV, with a 0.3-mm pinholeS iS the solubility concentration. At these crystallization
collimator and graphite monochromator. The crystal-to-detector distanceonditions no crystals were observed within the 1-week
was 96 mm, wiFh data collegtion carried out at room 'temperature: 22 period at the lowest supersaturation value~cf.4. When
2°C. D_ata were integrated using Den_zo and reduced with Scalepack (Otwl;ve fit a simple straight line to the nonzero data, the intercept
nowski and Minor, 1997) for comparison. In each case the crystal volume . . L .
was measured. with the supersaturation axis gives an estimate of the meta-
stable zone, which in terms of supersaturation is 1.85. Under
these experimental conditions no crystals would be ex-
RESULTS pected to form below this supersaturation within the 7-day
period of crystallization. Throughout the study the metasta-
Commercial lysozyme preparations commonly contain &je zone width was found to vary little with temperature.
number of hlgher molecular mass prOtein impurities, inCIUd'The solution pH, however, appears to have an effect’ as at
ing conalbumin (78 kDa), ovalbumin (45 kDa), and a ly- the lower pH values the average width of the metastable
sozyme dimer (28 kDa) (Back, 1984; Thomas et al., 1996)z0ne in terms of the supersaturation is 1.5, whereas at the
Whereas impurities such as ovalbumin, conalbumin, angigher pH values it is 1.9. It should be noted, however, that
avidin appear to be excluded during lysozyme crystallizathe width of the metastable zone is time dependent, and for
tion (Judge et al., 1998), the lysozyme dimer is incorporateqonger duration experiments crystals are expected to appear
(Skouri et al., 1995; Thomas et al., 1996). Lysozyme used iyt |ower supersaturations (Mullin, 1993).
this study was checked by SDS-PAGE analysis with highly  The results for the effect of temperature on the number of
overloaded samples (10,000 ng per lane) to determine ifrystals produced per well at pH 4.0, 4.6, 4.8, and 5.2 are
SUCh impurities were present. W|th enhanced SilVer Stainin%iven in F|g 3. In th|s figure each Symbol represents an
no other protein bands could be identified (Fig. 1). Thisayerage of 20-30 data points. The crystal numbers in all
represents purity greater than 99.99% with respect to oth@fases increase linearly with supersaturation. The coeffi-
protein species. cients and fit to the data for all of the results are listed in
Table 1. At a constant value of supersaturation, crystalliza-
tion at higher temperatures was found to produce more
kDa crystals. This trend was observed at all of pH values used.
94 In fact, crystal numbers not only increase with temperature
but also appear to increase in proportion to increases in
temperature. For example (for any specific pH, for values of
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FIGURE 1 Lysozyme purity. SDS-PAGE gel with enhanced silver stain- FIGURE 2 . Effect of supersaturation on crystal number at pH 4.8 and

ing and high sample loading (10,000 ng)ane t Lysozyme.Lane 2 4°C. Each symbol represents the average of 10 wells. The error bars
Molecular weight markers. Note: No higher molecular weight impurity represent 95% confidence limits based upon the variation of the data. The
proteins are visible. different symbols represent results from three separately prepared plates.
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FIGURE 3 The effect of temperature on the number of crystals produced per we)l @t (4.0, b) pH 4.6, €) pH 4.8, and ¢) pH 5.2.1, 18°C;[],
15°C; @, 10°C; O, 4°C.

supersaturation at which crystals were produced at each’C. The highest crystal numbers occur at pH 4.0. Taking a
temperature), the number of crystals at 18°C is approxi€onstant value of supersaturation, as the pH increases to pH
mately a factor of 1.7 times the number at 10°C, and thel.6 the crystal number drops by a factor-el.5, whereas
crystal number at 10°C is approximately a factor of 1.5the change of pH from 4.6 to 4.8 results in a drop by a factor
times the number at 4°C. The exception to this observatioof ~20. This is a significant change over a very narrow pH
was pH 4.8, where the data at 10°C and 4°C are very closeéange. The change in crystal number between pH 4.8 and

The solution pH also has a notable effect upon the numb.2, barely noticeable because of the axis scale, is a factor of
ber of crystals produced. This is summarized in Fig. 4,~2. Similar changes in crystal number with pH were also
which presents data at each of the measured pH values abtained at 10°C.

The effect of pH on crystal size, defined in terms of the
distance between parallel {110} faces, is illustrated in Fig.

TABLE 1

Equation parameters for equations of the formy =
a + bx fit to the nucleation data, where y is the final number
of crystals per well and x is the supersaturation, In(c/s)

5. Crystal size increases substantially with increases in pH

pH T (°C) A B r? s (mg/ml) 1500

4.0 15 —2722 1852 0.99 0.92 —=— pH4.0

4.0 10 ~1500 1116 0.99 0.54 T 1200F | o pH46 é /

4.0 4 —1476 926 0.97 0.28 2 —e— pH4.8 %/ é

4.6 18 ~2147 1525 0.95 153 2 900 | —o— pHS2 / %

4.6 15 —1568 1198 0.99 1.18 g / 5

4.6 10 —1235 867 0.99 0.82 £ o0l P

46 4 1004 642 0.97 0.47 g /B

4.8 18 ~129 65 0.98 1.39 S5 a00f l]‘//(;)/

4.8 10 —81 41 0.91 0.68 Y

4.8 4 -63 34 0.98 0.47 0

gg ig _gg gg 832 i(l)g 0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
52 4 -33 18 0.87 0.83 In(c/s)

Values of lysozyme solubility were taken from Cacioppo and Pusey

(1991). FIGURE 4 The effect of solution pH on crystal number per well at 4°C.
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FIG_URE 5 Th(_e effect of pH and temperature on final crystal sis, ( FIGURE 6 The effect of pH on the crystal axial ratio at 18°C. The axial
dezlned as the 9'Stance between pa:rallel {110}°faces. Symbols: at PH 5'zratio is defined as the distance between the apexes of the {101} fhfes (
18°C @) and 4°C (J); at pH 4.8, 18°C @) and 4°C (); at pH 4.6, 18°C over the distance between parallel {110} fac®¥).(Symbols:[], pH 5.2;

(4) and 4°C (0); at pH 4.0, 18°C ¥) and 4°C V). #, The pseudo-batch @, pH 4.8;0, pH 4.6;l, pH 4.0; ¢, the pseudo-batch crystal result.
crystal size at pH 5.2, 18°C, Iol6) = 2.2.

from 4.0 to 5.2, with the largest crystals-820~550.m) identify a trend between the pH values 4.6 and 4.8, when we

obtained at pH 5.2. Supersaturation appears to have Q0K at the values at pH 4.0 and 5.2 for the same supersat-
greater effect on crystal size at the higher pH values (pH 4.8ration there appears to be a trend of decreasing axial ratios
and 5.2). Here size appears to increase with supersaturatioffith increasing pH. No clear trend was found for the axial
whereas this trend is suppressed at the lower pH values (pFftio with temperature, the variation in the data with tem-
4.0 and 4.6). This figure also gives an indication of theP€rature being negligible in comparison to the effect of pH

effect of temperature, showing final crystal sizes at 1g°c{data not shown). Of the crystallization parameters, super-
and 4°C. Data at 10°C were not included, to preserve th&aturation, temperature, and pH, it is pH that has the stron-

clarity of the figure. No clear trend with temperature was9€St effect on crystal number and size. For the axial ratio
observed at any pH value. For pH 4.8 and 4°C, four indi-both pH and supersaturation exhibit strong influences.

vidual wells were chosen (two wells on each of two separate AS the largest crystals with the lower axial ratios were
plates), and the size of every crystal in the well was mea®Ptained at pH 5.2, this pH was chosen for crystal growth in
sured. The details of this analysis are included in Table 2the pseudo-batch plates for x-ray analysis. With crystalliza-
The average variation from the mean size (based on gsdion conditions of 18°C and an initial supersaturation of
confidence limits) was found to b&8%. In(c/ls) = 2.2, the pseudo-b.atch plates produced 1%
The effect of solution conditions on the axial ratio is CTyStals/well. The average size was 34 + 6% between
illustrated in Fig. 6. For all of the batch crystallizations Parallel {110} faces and 51im = 7% between the apexes
performed in this study, the axial ratio increases as th@f the {101} faces, giving an axial ratio of 1.5 0.2. Using
supersaturation decreases. This reflects the finding df’® €quation parameters given in Table 1, 15 crystals/well is
Durbin and Feher (1986), who report that the growth ratedh€ number of crystals expected for a batch plate crystalli-

of the {110} and {101} faces have a different concentration Zation at these solution conditions. The average size be-
dependence, resulting in an elongation of the crystal atween parallel {110} faces and the average axial ratios of

lower lysozyme concentrations. Although it is difficult to CryStals from the pseudo-batch plates have also been plotted
in Figs. 5 and 6, respectively, for comparison. Given the

comparison of crystal number, size, and axial ratio, the

TABLE 2 Crystallization conditions, crystal number, mean results from these two methods do appear to be in good

size, and 95% confidence limits for four crystallization wells agreement.
at pH 4.8, 5% NaCl The pseudo-batch crystals grew in the tetragong 4
Crystallization well space group with cell parametaas= b # canda = 8 =

v = 90°. An average of 97.8% of the available data (6292
unique reflections) to 2.2 A resolution was used for deter-
T(C) 10 10 4 4 mining the cell parameters. Fig. 7 illustrates the variation in

A B C D

L’;Slsst)al number 241 ieY i; gg unit cell parametec for the 50 crystals observed (one not
Mean size fum) 253 269 236 216 diffracting). The data covers a range from 37.41 to 38.26 A,

95% confidence limitx um 13 27 25 13 with 50% of the data falling within the limits of the modal

The wells were chosen randomly and have been designated A, B, C, or I5_ange of 38.0-38.1 A. The average error for the determina-

as a convenient label. Note: Size is defined as the distance between paralléPn Of. thec parameter was-0.04 A. The modal range is
{110} faces. well within the range of values 37.89-38.50 A, commonly
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30 ¢ the process (Mullin, 1993). This applies whether the process

" is homogeneous or heterogeneous. In heterogeneous nucle-
i ation the interfacial tension is reduced as molecules interact
20 _ with particles in solution or with vessel walls. Depending on

>
g ; the degree of interaction, changes in the interfacial tension
g 1°F may still have an effect on nucleation rates (Mullin, 1993;
L 40l Boistelle and Astier, 1988). As these three variables drive
: the nucleation process, the changes in crystal numbers that
5 are observed with varying solution conditions may reflect
o b PAXY] L changes in the nucleation process that can be compared in
37.0 37.5 38.0 385 39.0 general terms to that predicted by nucleation theory. In this

respect, as indicated by Mullin (1993) and Boistelle and
Astier (1988), crystal numbers are expected to increase with
FIGURE 7 Variation in the lysozyme B2.2 “c” unit cell parameter in increases in supersaturation. The results of this study are in
a sample of 50 crystals grown from solutions prepared with the same iniiaficcordance with this prediction and with the findings of
conditions. Ries-Kautt and Ducruix (1992), who also observed that
lysozyme crystals appeared in larger numbers with increas-
ing supersaturation. Interestingly, Ataka and Tanaka (1986),
reported for tetragonal lysoyzme (Forsythe et al., 1997). Awvho also crystallized lysozyme in batch but at lower super-
similar distribution is seen for theecell parameter and other saturations -¢In(c/s) of 0.5-1.8) and over a much longer
crystallographic “metrics.” Fig. 8 illustrates the effect of time (43 days or greater), reported that an increase in
time on the unit cell parameters. An area of concern hagupersaturation did not necessarily result in an increased
been the effect of aging on the samples, with each data seumber of crystals. Duplicate runs confirmed their results.
being collected sequentially. As can be seen, for this proteiThese experimental conditions are generally outside the
system, there seems to be no time dependence of the egeope of this present study and may point to other phenom-
periment. There was no correlation between the sequence eha at low supersaturations over extended time.
the data collection and any other crystallographic parame- At constant supersaturation an increase in crystal num-
ters that were measured. bers with increasing temperature is another trend predicted
by nucleation theory (Mullin, 1993; Boistelle and Astier,
1988). Again our results are in good agreement with this
prediction. This points to the use of temperature as a tool for
In classical nucleation theory the number of crystals profine-tuning of protein crystal nucleation rates. The number
duced is expressed as a rate, i.e., the number of crystatd crystals produced at a given pH and chosen supersatura-
produced per unit volume per unit time. In our experimentstion could be increased or decreased by crystallizing at a
we have measured the number of crystals produced in a sbigher or lower temperature. The findings of this study
volume over a single extended period. This makes the diredghdicate that at a constant supersaturation a change of 10°C
application of classical nucleation theory impractical. Nu-results in a change of lysozyme crystal numbers by a factor
cleation theory, however, indicates that three variables, swf ~2.3.
persaturation, temperature, and interfacial tension, govern Our results also show a substantial effect of pH on crystal
numbers with a change of two orders of magnitude over the
pH range 4.0-5.2. Alderton and Fevold (1946), with initial

Unit cell parameter, ¢, A

DISCUSSION

80 lysozyme concentrations of 40 mg/ml in unbuffered 5%
< 7 P AR, Npq AN B NaCl solutions, may be referring to this when they describe
s 78 e Mo . . the crystallization to be copious at pH 3.5, moderate at pH
g 77 ° 4.8, and very slight at pH 5.8. This effect of pH on crystal
E . - numbers appears to be independent of solution pH history.
® —e — Unit cell parameter, 'a . - .
s —o— Unit cell parameter, 'c In this study protein solutions qt pH 4..0 prgduce large
3 39 numbers of crystals. When protein solution initially at pH
% 36 ko o0 amos gmp® @0 08 4.0 was dialyzed into buffer at p> 4.6 and used in
S a0 C@ o® ° o nucleation experiments at these pH values, small numbers
Y of crystals were produced; increases in crystal number were

0 10 20 30 40 50 60 observed when solutions initially at pH 4.6 were changed

to values closer to pH 4.0. Experiments were generally
conducted around pH 4.0, then at 5.2, 4.6, and finally at 4.8.
FIGURE 8 The lysozyme R2,2 “a” and “c” unit cell parameters for the Cessation of growth at the lower pH values was not ob-

50 crystal sample plotted sequentially over the time of the experimentsS€rved. Some of the small crystals grown at pH 4.6 were
The horizontal lines indicate average unit cell parameter values. used as seed crystals in other studies and continued to grow

Crystal
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when placed in a growth environment. The result appears tarhich basic lysine and arginine side chains or, alternatively,
be a direct effect of pH. carboxyl aspartic and glutamic acid side chains are titrated.
Where microcrystals too small for x-ray diffraction are Crystal numbers could then be very precisely controlled by
consistently produced, macromolecule purity is often sincontrolling the number of charged groups and their capacity
gled out as the cause. In this respect the strong effect of pltb form intermolecular interactions. This is a more likely
on crystal numbers could be interpreted as the presence ekplanation for the effect of pH on lysozyme crystal num-
an impurity, where the affinity of the impurity for the bers. In terms of nucleation parameters, the titration of side
lysozyme lattice changes with pH. To avoid heterogeneitychains that form intermolecular interactions may increase
possibly introduced by processing steps such as pasteurizghe interfacial tension, thereby decreasing crystal nucleation
tion and freeze drying (Lorber et al., 1993), the lysozymerates (Mullin, 1993).
used in this study was purified directly from fresh chicken For lysozyme there are a number of side-chain groups
egg white at near-neutral pH. Purity checks with SDS-that have pK values close to or within the pH range 4.0-5.2
PAGE using enhanced silver staining and heavy samplg<uyramitsu and Hamaguchi, 1980). Of these groups the
overloading have not revealed the presence of any high&f_terminal Led?®, Asp*® and Hig® form crystal contacts in
molecular mass impurities commonly present in commeretragonal crystals (Moult et al., 1976). The pK values for
cial lysozyme preparations. Despite this the presence qhese groups measured at 25°C and at 0.1 ionic strength are
impurities cannot be completely dismissed, as impurity proq 129 (3.1), AsP® (4.3), and Hi® (5.8) (Kuramitsu and
teins may still be present at concentrations below analyticatl-lamaguchi, 1980). Kuramitsu et al. (1977) report that for
detection limits. In previous lysozyme nucleation studies|ysozyme the pK values of the catalytic groups (Asand
where impurities were added to make up 1% of the solutiorg ;35 516 independent of temperature. They also report that
concentration, the final number of crystals changed by gne b values increase slightly with ionic strength. If the

I;egc;gr 2|_T4 over th‘_"lth O:] thﬁ iﬁlitial mfgtzrilal (Lorber et :I," trends reported in their data are extrapolated to the experi-
). However, with the highly purified lysozyme used in mental conditions of this study, an increase in pK values of

t.h's.' study it Seems unlikely that impurities below deteCtab|e~0.1—0.3 pH units above that reported at an ionic strength
limits (concentrations below 0.01%) would be solely re-

ible for ch . al ber by a factords of 0.1 may be expected. The titration of these groups may
sponsibie for changes In crystal number by a factor@b. rfnodify the interactions between charged groups on oppos-
Ewing et al. (1996) also indicate that the appearance o S . o
. L . ing molecules, which in turn will affect the ability of these
bundles of rods or “urchin-like” crystals, as described by. .
Skouri et al. (1995), decrease with increasing purity of thelnteractmg molecules to make successful contacts. It may
) : glso effect the strength of the interactions holding molecules
. : . : ogether. This would make it more difficult for molecules to
trend, in which the proportion of these polycrystalline par-. . o )
n Wi proport polycrystatine p interact and form stable nuclei, resulting in a decrease in the

ticles in their purest material was 20-35%. In all of the leati e Th tastabl idth also i
experimental conditions explored in our study, poncrystaIsnuc eation rate. 1he metastaple zone widih also Increases

or “urchins” were only observed in some wells at pH 5.0 OVer this pH range, indicating that a higher driving force is

18°C, at the lowest initial lysozyme concentration in which "€dUired to generate crystals at the higher pH values.
crystals grew (In/s) = 2.0). Under these conditions the The decrgase in crys.tal numbers with pH is S|m|Igr to the
proportion of polycrystals was only 5%, and the presence of€SUlt obtained by Ewing et al. (1996), who studied the
these crystals appear to have had no effect on the tetragorfif€Ct Of the solution storage temperature on nucleation
crystal number or size. Given the trends observed in th&ates. In their study a lysozyme §o_|ut|on was spI_lt andl stored
previous studies (Skouri et al., 1995; Ewing et al., 1996)at 37°C and 4°C. By recombining the solutions in set
this would indicate a high-purity lysozyme preparation. compositions and crystaII.|2|n'g at 20.°C, the nucleation rate

The change in the crystallization system observed her#/as found to decrease with increasing content of the 37°C
around pH 4.7 correlates with other unusual observations igtorage material. The decrease in crystal numbers due to
the literature. In the work of Cacioppo and Pusey (1991)Storage temperature was thought to be due to a heat-induced
who have published extensive tetragonal lysozyme phaseonformation change in the molecule, as there is a slight
diagrams, a distinct solubility minimum is observed at pHchange in lysozyme conformation at temperatures above
4.8 for all temperatures in the range 4—24°C, at 5% (w/v)20°C (Berthou et al., 1983). Although there is no reported
NaCl. These solubility values were recorded using the samghange in tetragonal lysoyzme conformation with pH below
sodium acetate buffer concentration (0.1 M) used in thi20°C, the two results appear similar in that change in local
study. Also in the Roxby and Tanford (1971) titration of charge or subtle changes in confirmation seem to have a
denatured lysozyme, a pronounced inflection point is obStrong impact on crystal nucleation rates. This is in accor-
served in the region of pH 4.7. McPherson (1995) alsodance with lysozyme nucleation work performed by Pusey
reports that even in highly purified preparations, where(1992), in which it was found that increasing solution vis-
microcrystals are consistently produced, in some instancesosity by a factor of 50 did not affect nucleation rates,
fine increments in the pH of the crystallization solutions canindicating that lysozyme nucleation proceeds slowly rela-
significantly reduce crystal numbers and increase crystdive to the collision rate and is controlled by molecular
size. He postulates that this may be due to pH ranges imteraction kinetics.
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12 solution, the largest effect on crystal number and size was
that of solution pH. This is thought to be due to changes in
charge at localized areas on the molecule’s surface, indicat-
ing that macromolecule nucleation rates may be very sen-
sitive to changes in molecular charge distribution brought
about by changes in solution conditions. Finally, even after
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T

4t crystallization conditions were optimized to produce a suit-
able number and size of crystals, a variation in crystal
2r parameters was found to exist.
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